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Abstract
Fiber-optic sensors for dissolved CO2 are an emergent technology for monitoring marine geologic CO2 sequestration sites. Fiber-
optic sensing technology has been used successfully in the oil and gas sector and is advantageous because it is capable of cost-
effective, instantaneous, distributed sensing. This is an improvement over current practice, which normally requires samples to be 
pumped to the surface for analysis. Biofouling of fiber-based sensors is a concern for the marine environment, as the biofouling 
can cause signal drift and also adversely impact the sensor’s ability to detect dissolved CO2. Single mode optical fibers with long 
period gratings etched onto the core of the fiber were used for this study. Pseudoalteromonas sp. NCIMB 2021 was cultured and 
grown on sensing elements using nutrient-dense synthetic seawater. Biofouling was shown to cause shifts in the baseline signal.  
Post-fouling sensitivity of the sensor was also reduced relative to pre-fouling levels. Mechanical cleaning of the sensors restored 
sensor sensitivity to that seen prior to bacterial colonization.   
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1. Introduction
Seafloor monitoring of geologic sequestration sites for CO2 is necessary to foster public and regulatory 
acceptance of sub-seafloor injection and storage of CO2.   A new generation of fiber-optic dissolved gas sensors 
promises cost-effective, distributed, direct sensing of dissolved CO2, facilitating seafloor and down-hole monitoring 
of marine geologic CO2 sequestration sites [1].  These sensors, which are capable of directly sensing CO2, are an 
improvement over commercially available fiber-optic technology, which relies on proxy temperature and pressure 
measurement to detect leakage.  More conventional non-fiber-optic dissolved CO2 sensing technology, like gas 
chromatography cannot be easily deployed in distributed fashion because it requires the sample to be pumped 
onboard a ship for analysis [2].   
1.1. Fiber-optic Dissolved Gas 
Sensing
Standard single mode optical 
fibers have a silica core and 
cladding of differing refractive 
indices.  The ratio of the two 
refractive indices causes total 
internal reflection as the light is 
transmitted through the core of the 
fiber; however, a small portion of 
light propagates through the 
cladding in an evanescent wave 
(Figure 1).  Fiber-optic dissolved 
gas sensors, like the one described 
by Bao et al. [1] and Melo et al. [3] 
respond to a change in the refractive 
index of the surrounding medium.  
The dissolved gas sensors have long 
period gratings etched onto an 
approximately 2.5 cm section of the 
fiber.  These gratings fuse the core 
and cladding together, causing 
outward propagation of light into 
the surrounding medium.  The 
wavelengths of light that propagate 
outward are inversely proportional 
to the refractive index of the 
surrounding medium. The 
transmission signal shows a band of attenuated wavelengths and the intensity of the attenuation (Figure 2).  
 
1.2. Sensitivity of Long Period Gratings and Coatings 
Long period gratings have maximal sensitivity (undergo the greatest shift in peak attenuated wavelength per unit 
change in refractive index) when the refractive index of a surrounding bulk medium is just below the refractive 
index of the cladding (1.44-1.46) [4][5]. Conversely, thin coatings of sub-wavelength thickness have been 
theoretically and experimentally shown to increase the sensitivity of long period grating sensors when the refractive 
index of the coating is equal to or greater than the refractive index of the cladding [6].  The degree to which these 
higher refractive index coatings enhance sensitivity depends on a number of factors including coating thickness and 
Figure 1. (a) Total internal reflection of transmitted light in an unmodified fiber-
optic cable.  Ratio of refractive indices between the core and the cladding create a 
critical angle, causing the light to bend at 900 and remain largely within the core of 
the fiber.  (b) Light does not travel in jagged lines, but rather in wave-form.  A 
small portion of light therefore propagates through the cladding, creating an 
evanescent field.  (c) Sensing portion of the fiber.  Vertical lines indicate gratings 
that cause outward attenuation of certain wavelengths (illustrated by black arrow). 
Attenuated wavelengths vary with refractive index of surrounding medium. 
Critical Angle (Total  
Internal Reflection) 
 
    
Core (Lower  
Refractive Index) 
Cladding (Higher  
Refractive Index) 
Evanescent Field (small  
amount of light travels 
 into cladding) 
 
  
 Long period  
gratings 
Certain 
wavelengths 
attenuate 
outward  
B 
C 
r 
A 
3850   Sonja Bhatia et al. /  Energy Procedia  63 ( 2014 )  3848 – 3852 
refractive index of the coating relative to the refractive 
index of the cladding [6].  For coatings of a refractive 
index lower than the cladding, sensitivity is likely to be 
reduced.  In this refractive index range, film thickness 
itself does not have a significant impact on sensitivity [4].  
No studies have demonstrated that coatings of refractive 
indices below the refractive index of the cladding are able 
to enhance the sensitivity of long period grating sensors. 
1.3. Susceptibility to Biofouling
In marine, groundwater and other aquatic environments, 
it is expected that the transmitted spectrum from fiber-
optic dissolved gas sensors will be influenced by biofilm 
growth. Their susceptibility to biofouling is so great that 
several fiber-optic sensors to measure biofilm growth have 
been tested in the laboratory [7][8][9].  Biofilm has a 
refractive index of approximately 1.336, which is close to 
that of freshwater [7], but below the refractive index of the 
cladding [4].  The refractive index of the film is not in the range of optimal sensor sensitivity for bulk media [4] and 
films of this refractive index have not been shown to improve the sensitivity of long period grating sensors to 
refractive index shifts.  It is unlikely therefore that biofilm growth will enhance sensor sensitivity and biofouling 
may in fact reduce sensor sensitivity to refractive index changes in the surrounding medium. 
1.4. Objective 
Prior to widespread implementation and commercialization of fiber-optic dissolved gas sensors, the influence of 
biofouling on sensor signal wavelength needs to be understood.  The objective of this study is to characterize the 
impact of biofilm growth on the sensitivity and baseline output signal of long period grating fiber-optic dissolved gas 
sensors.  
 
2. Methods 
A series of laboratory experiments were conducted using nutrient-dense synthetic seawater, Pseudoalteromonas
sp. NCIMB 2021 bacterial cultures, a peristaltic pump and a long period grating fiber-optic sensor housed in a flow 
cell.  Sterility was ensured by pumping 70% ethanol solution into the experimental system and all fluids used in the 
experiment were autoclaved prior to injection into the flow cell.   
 
The experiments were conducted as follows: 
(1) Triply deionized water was pumped into the flow cell and the peak attenuated wavelength was measured; 
(2) Synthetic seawater (0.05 g Na2HPO4, 5.00 g NaNO3, 23.00 g NaCl, 0.75 g KCl, 1.47 g CaCl2.2H2O, 5.08 g 
MgCl2.6H2O, 6.16 g MgSO4.7H2O, 10 g of sodium pyruvate, and 1L of triply distilled water) solution was 
then pumped into the flow cell and the peak attenuated wavelength was measured; 
(3) NCIMB 2021 culture in synthetic seawater was pumped into the flow cell.  The pump was stopped for one 
hour to allow bacteria to settle on surfaces in the flow cell; 
(4) Synthetic seawater solution was pumped into the flow cell for up to 48 hours and peak attenuated 
wavelength was measured twice per second; 
(5) Triply deionized water was once again pumped into the flow cell and peak attenuated wavelength measured; 
(6) The shift in wavelength between synthetic seawater and triply deionized water was compared pre and post 
fouling. 
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Figure 2. Illustrates shift in output signal with change in 
refractive index of the surrounding bulk media.  Arrows 
point from lower values to higher values.  Black line 
represents sample seawater output and dashed red line 
represents sample triply distilled water output. 
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3. Results and Discussion 
3.1. Impact of Biofouling on Sensor Sensitivity 
Peak attenuated wavelength shifted by 39-56 pm between triply distilled water and synthetic seawater solution 
(Table 1).  The post-fouling percent reduction in sensitivity ranged from 37-66% (Table 1).  This reduction was 
expected since it was predicted that biofilm growth would inhibit the sensor’s interaction with the surrounding 
medium since the relatively low refractive index of the film was low was not expected to act as a sensitivity 
enhancing coating.  Mechanical cleaning of the sensor returned sensitivity to normal levels. 
 
Table 1. Changes in Sensor Sensitivity Post Fouling between Triply Distilled Water and Synthetic Seawater 
Experiment No. Pre-Fouling Sensitivity TDW-SSW (pm) Percent Post-Fouling Change 
Relative to Pre-fouling Sensitivity 
1 56 -37%
2 39 -63% 
3 45 -66% 
3.2. Biofilm Growth and Baseline Signal 
Twelve hours of bacterial growth induced an upward shift in baseline signal that was up to 60% greater than the 
shift in peak wavelength generated by switching the surrounding medium from synthetic seawater to triply 
deionized water (Figure 3).   The upward trajectory in baseline due to biofilm growth could have occurred in part 
because biofilm is largely comprised of 
freshwater which has a lower refractive index 
than synthetic seawater [7]; however, the 
magnitude of the shift cannot be explained by the 
film’s refractive index alone.  It seems possible 
that the film influenced sensor signal by acting 
like a coating around the sensing portion of the 
fiber, thus shifting sensor signal further upward 
than might have been the case in bulk media.   
 
4. Conclusions and Future Work 
Biofouling has the potential to reduce sensor 
sensitivity and upwardly shift the baseline peak 
attenuated wavelength in long period grating 
fiber-optic sensors.  Biofouling growth can 
happen rapidly and may confound experiments 
conducted in situ, as well as in medium to long-
term non-sterile laboratory conditions.  More work is needed to ascertain the speed at which sensors can become 
fouled in experimental situations where bacteria are not being intensively grown.  As a way to explore the possible 
mechanisms responsible for upward baseline shifts during biofilm growth, numerical modeling could provide useful 
insights into the theoretical influence of biofilms on sensor signal.  In situ experiments are needed to understand the 
effect of multi species biofilms expected to grow in natural environments.  Furthermore, the impact of fouling on 
protective coatings and membranes and methods to slow or prevent biofouling of optical fibers is required. 
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Figure 3. Illustrates percent shift in mean baseline peak wavelength 
as a function of sensor sensitivity.  Red bolded line (100%) indicates 
baseline at the start of the experiment. 
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